This paper is an overview of a wide range of recent aerospace technologies under development at the NASA Glenn Research Center, in collaboration with other NASA centers, government agencies, industry and academia. The focussed areas are space solar power, advanced power management and distribution systems, Stirling cycle conversion systems, fuel cells, advanced thin film photovoltaics and batteries, and combustion technologies. The aerospace-related objectives of the technologies are generation of space power, development of cost-effective and reliable, high performance power systems, cryogenic applications, energy storage, and reduction in gas-turbine emissions, with attendant clean jet engines. The terrestrial energy applications of the technologies include augmentation of bulk power in ground power distribution systems, and generation of residential, commercial and remote power, as well as promotion of pollution-fiee environment via reduction in combustion emissions.
INTRODUCTION
The NASA Glenn Research Center (GRC) has long been a major developer of, and contributor to, key technologies for NASA's missions and programs. Joint program is to use a constellation of satellites to beam Gigawatts of space solar energyderived power to a terrestrial power system, using large rectennas. The beamed power is microwave-based and, has low loss at 5.8GHz. Ref.
[l] gives a comprehensive digest of the SERT program. The program goal is to augment a projected shortfdl of global electric power supply. The shortfall is expected to result from widespread high demand for, and consumption of energy. One GRC role is to develop the technologies for SSP power generation and advanced power management and distribution (PMAD).
To enhance solar energy collection for power generation, GRC leads an effort to develop thin film solar cells to allow the deployment of a large number of solar cells. The potential features of light mass, low cost and high production make thin film solar cells ideally atlractive to, and suitable for packaging large arrays in launch vehicles. In-house GRC research efforts aim at developing low temperature growth processes for thin film solar cells.
The goals of the PMAD technology development are low cost, high reliability and high performance of the associated system@), with emphasis on automation, dual use, modularity and performance. The Consistent with the objectives of high performance, high reliability and reduced losses in a high-speed, lightweight FES, a significant recent milestone achievement for the GRC-USAF-TRW effort has been the operation of an advanced FES system at 60,OOO RPM. This success not only demonstrates the highest speed to-date by a flywheel spun on magnetic bearings, but also, strengthens the viability of using a FES system, rather than chemical batteries, on the ISS. The success of the U.S. Flywheels-built FES system is a culmination of adiranceced composite materids-based rotor, low-loss magnetic bearings, high-speed motorgenerator set and motion wntrol algorithms. A cutaway view of the FES system is depicted in Fig. 5. FES system applications typically require two counterrotating flywheels with resultant, nodisturbance net torque, and momentum (derived from reaction wheels) for attitude control. GRC is pursuing a parallel in-house effort to combine a FES system and an attitude control system (ACS) into a single architecture, namely, integrated power and attitude control system (IPACS). With its expected significant mass reduction, the IPACS is viewed as an enabler to the achievement of lightweight low cost and significantly capable spacecraft. Studies-to-date predict that the specific energy of flywheel-based IPACS can be as high as ten times the current specific energy of batteries and reaction wheels used on midsize spacecraft with energy levels in excess of 2OOW-Hrs. This is based on a projected availability of high performance composites used in the flywheel rotor. Also, the attendant numerous chargddischarge cycles of the lower earth orbiting (LEO) satellites Figure 6 shows a set-up of a pair of Stirling converters synchronized by parallel connection of the linear alternators of the converters, with a rigid mechanical coupling between the housings of the two converters. The t h e r m o d y " independence of the converters makes them potentially redundant, to safeguard against a converter failure and to promote unintenuptible power generation. Further, the mechanically arranged 180' out-of-phase operation of the two converters yields significant reduction in their vibrations, without resorting to feedback controls. Finally, an evaluation of an artificial n e d network (ANN) indicates its potential for converter health monitoring.
The objective of another SBIR project with STC is to develop an Adaptive Vibration Reduction System (AVRS), to provide further significant reduction in converter vibrations during normal operating mode, and to enable adjustment to changing converter conditions over the course of a mission [I4! The achievements of multiple converters-load system operation and vibration reduction in the synchronized converters strengthen the viability of Stirling converters to replace RTGs, for radioisotope power systems for space missions.
(MSFC) and the US Air Force to demonstrate a refrigemtion system for long-term storage of cryogenic fluids for space missions using an advanced high efficiency pulse tube cooler. Stirling cycle and pulse tube coolers are attractive for their high &ciency and low vibration. They are developed primarily for sensor cooling for which low vibration is critical. A addition to its use in space, a fuel cell offers significant potential as a source of primary power for both the automotive industry and residential market. However, a fuel cell canbe more than just a source of primary electric power; it can be combined with a water electrolyzer and gas storage tanks to form a regenerative fuel cell (RFC) energy storage system, as shown in Fig. 7 . The RFC system acts as a battery which stores energy in the form of gaseous hydrogen and oxygen during periods of excess energy availability, and then draws on that energy reserve to produce power, when needed. This capability is especially attractive, if the source of excess energy is a renewable power system, such as solar or wind, which is typically intermittent and seasonal in nature.
In collaboration with Oberlin College, community leaders and William McDonough & Partners (architectural firm), GRC has applied the renewable energy feature of RFCs to the design of a revolutionary building, the 'Adam Joseph Lewis Center for Environmental Studies' at Oberlin College. The Lewis Center will have solar photovoltaic panels on its roof, as well as several possible wind generators on site. The intermittent and seasonal characteristics of the renewable sources are such that the building will have to rely on another power source, when the renewable sources are insufllcient. At other times, an excess of renewable energy will be available to meet the electrical loads of the building. RFC systems offer a major advantage over battery systems in that the power and energy portions of an RFC system are independent of each other. This means that capacity can be increased in an RFC system by simply adding more storage tanks, without having to increase the size of the fuel cell or electrolyzer. The capacity of battery systems can be only by adding more batteries. Seasonal energy storage is, therefore, impractical for battery systems, due to the large quantities of batteries required to store excess summer electrical energy for winter use. With sufficient reactant storage, RFC systems can easily accomplish this task. The Lewis Center will generate an excess of solar power during the summer months, because solar generation will be high and building electrical loads will be low. Suflicient reactant storage will allow some of this excess energy to be used during winter months Regarding terrestrial applications, another advantage of RFC systems over battery systems is their adaptability to the intermittent nature of wind generators. On extremely windy days when excess wind power is very high, batteries will reach their 100% state-of-charge limit and not be able to store all of the available energy. In contrast, RFC systems cam easily store excess energy. Even if building energy loads are high, the potential exists to produce an excess of wind power.
As wind power is proportionad to the cube of wind speed, a series of extremely wiindy days can generate .a significant amount of stored energy for later use.
The Adam Joseph Lewis Center for Environmental
Studies at Oberlin College will1 serve as an excellent demonstration site for combinirtg RFC energy storage with solar and wind poweir sources, to form a completely renewable energy system. The unique nature of RFC energy storage will demonstrate the practicality of renewable energy systems for areas such as northern Ohio, a region not lhought to be appropriate for renewable sources. NASA GRC will continue to work with Oberlin College throughout the design, installation, and demonstratillon of their renewable energy system, while promoting the use of RFC energy storage systems for other alerospace and terrestrial applications.
-G E S
Among the desirable attribuites in any space-bound component, subsystem or system, are high specific power (to minimize cost of payload launch into space), radiation tolerance and high reliability, without sacrificing performance. GRC: is currently developing space-bound technologies in thin film chalcopyrite solar cells and lithium polymer batteries. These technologies are described below.
High specific power (wattsikg) space solar arrays can be achieved by developing a highefficiency, thin-film solar cell which can be fabricated directly on a flexible, lightweight, spacequalified tiurable substrate such as Kapton (Dupont), or other polymide, or suitable polymer film. Cell efficiencies approaching 20 percent at AM0 (air mass zero) will be required to compete with state-of-the-art crystalline materials. Current thinfilm cell fabrication approaches are limited by either (1) the ultimate efficiency that a n be achieved with the device material and structure, or (2) the requirement for high-tempemture depositioin processes that are Near-term applications of thin-film Lithium batteries include pacemaker, hearing aid and related biomedical devices, computers and cell phones. Other beneficiaries are propulsion, power and communications for commercial and military applications. Mid-term uses for integrated power devices (described above), can encompass a combined battery and solar cell in a roof tile to generate residential power, or solar-rechargeable power system for the military, recreational vehicles and other consumer products.
.
COMBUSTION TECHNOLOGY
In addition to aerospace power technology, GRC is NASA's Center of Excellence for Twbo-machinery. Part of the turbo-machinery research effort includes combustion emissions reduction The expected contributions of a d v a n d combustor research at GRC include liquid fueled low NOx combustor concepts, computational fluid dynamics (CFD) modeling, ceramic liners, acoustic instability modeling and control, and a particulate emissions database. Fig. 10 shows the roadmap of the various technology readiness levels (TRLs) for the low NOx emission combustor development. Joint research programs with industry include full-scale combustor tests of low emission gas turbine combustors primarily for aircraft engines.
Much of this technology is also applicable to ground power gas turbine combustors.
Ground power gas turbines using natural gas produce very low levels of NOx emissions However, engines which use liquid fuel have much higher NOx emissions. Presently, a comprehensive aircraft particulate database does not exist. The data a c q w by PAGEMS will help populate this database which is important in the assessment of the impact of modem aircraft emissions, and/or ground power emissions, on the atmosphere. 
